Cells from bacteria to man release extracellular vesicles (EVs) that contain signaling molecules like proteins, lipids, and nucleic acids. The content, formation, and signaling roles of these conserved vesicles are diverse, but the physiological relevance of EV signaling in vivo is still debated. Studies in classical genetic model organisms like C. elegans and Drosophila have begun to reveal the developmental and behavioral roles for EVs. In this review, we discuss the emerging evidence for the in vivo signaling roles of EVs. Significant effort has also been made to understand the mechanisms behind the formation and release of EVs, specifically of exosomes derived from exocytosis of multivesicular bodies and of microvesicles derived from plasma membrane budding called ectocytosis. In this review, we detail the impact of flies and worms on understanding the proteins and lipids involved in EV biogenesis and highlight the open questions in the field.
Introduction
Extracellular vesicles (EVs) are membrane-wrapped structures that are released by cells. All cell types examined so far release EVs, ranging from bacteria to fungi and from germ cells to neurons in metazoans. [1] [2] [3] [4] EVs carry nucleic acids, proteins, and lipids both as internal cargo and on their surface, and these molecules account for the immense signaling potential of EVs. EVs can mediate communication between cells, either on the cell surface or after uptake by a target cell. 5, 6 EVs are thought to carry signals between cells during normal development and homeostasis. 6, 7 They have also been implicated in a number of diseases like cancer as well as infections. [8] [9] [10] [11] Studies have also shown the importance of EVs as clinical biomarkers after extracting them from human biofluids like blood, spinal fluid, or urine. [12] [13] [14] For these reasons, EVs are of broad interest as a new mode of cell signaling.
EVs can be broadly separated into 2 classes: exosomes and microvesicles. 5 Exosomes are derived from the internal intraluminal vesicles (ILV) of multivesicular bodies (MVB), formed by the inward budding of the limiting endosomal membrane of the MVB (Fig. 1A, C) . Fusion of an MVB with the plasma membrane (i.e. exocytosis) releases ILVs as exosomes outside the cell (Fig. 1A) . Both ILVs and exosomes are 30-100 nm in diameter. The second class of EVs is called microvesicles, which are typically bigger than exosomes (>90 nm). Microvesicles form by direct budding of the plasma membrane into the extracellular space (Fig. 1A-B) , a process called ectocytosis. Although we use the term microvesicle throughout this review, we would like to highlight the alternative term ectosome, which describes their origin (ectocytosis) rather than their larger size. The processes that cause the plasma membrane to release microvesicles are diverse. They range from budding the plasma membrane away from the cytoplasm (ectocytosis) to generate vesicles 90-500 nm in diameter, to asymmetric cytokinesis to release midbodies and polar bodies 1-20 mm in diameter, to blebbing driven by a loss in membrane tension to generate 100 nm-5 mm vesicles. [15] [16] [17] [18] Exosomes and microvesicles contain distinct cargos reflecting their origin (endosome vs. plasma membrane), but also contain many common cargos since they both bud from the cytoplasm (Fig. 1A-C) . 19 Consequently, there are a variety of EVs released by cells with numerous potential functions.
The strength of genetic model organisms to unravel EV release and signaling
The in vivo signaling roles of EVs are debated because most studies demonstrate the signaling potential of EVs using purified vesicles on cultured cells. Researchers have begun to inject purified EVs into model organisms to demonstrate their in vivo roles. For example, injecting purified exosomes derived from specific cell types can redirect tumor metastases to different tissues in mice. 20 These results are an exciting demonstration of the signaling potential of EVs in cancer, but it is unclear how physiological the levels of EVs are in this study. Another recent study showed that purified EVs released from mouse embryonic stem cells are able to influence implantation after injection into embryos. 21 However, the authors did not show that embryonic cells release significant numbers of EVs in vivo. Thus, although it is clear that EVs have great signaling potential, it is unclear how often EVs actually send signals or transmit intracellular cargo like miRNAs in a living animal.
Invertebrate genetic model organisms like Drosophila melanogaster and Caenorhabditis elegans can serve as invaluable systems to study the signaling function of EVs in multicellular organisms. Research using flies and worms has contributed significantly to our understanding of cell physiology over the last century. For example, Nobel prize-winning research in Drosophila identified the first morphogens that regulate embryonic patterning conserved from flies to humans. 22 Similarly, Nobel prize-winning work in C. elegans demonstrated that cells normally die during development and established the conserved mechanisms of programmed cell death and their subsequent uptake by phagocytosis. 23 Transgenesis and live imaging are also well established in Drosophila and C. elegans animals, allowing the in vivo tracking of EVs. For example, EVs can be labeled with GFP fusion proteins such as CD63:GFP to allow live tracking. 24 Thus, studies in Drosophila and C. elegans can serve as invaluable in vivo systems to establish whether EV signaling can change the development, behavior, or disease state in metazoans. In addition, the genetic tools available in flies and worms can also help us define the molecular mechanisms of EV release. In this review, we discuss the evidence for the functional roles of EVs in Drosophila and C. elegans followed by the mechanistic insights into EV formation drawn from these studies.
EVs and development
One example of EVs playing a role in normal development is shown in the C. elegans cuticle (Fig. 2B) . The cuticle consists primarily of glycosylated and lipid-modified proteins secreted by underlying epithelial cells, including the seam cells. 25, 26 How lipid-modified proteins could be trafficked away from the plasma membrane of a cell was unclear. Work from Michel Labouesse's lab showed that the proper development of the cuticle requires the release of lipidated morphogens on exosomes. 27 Seam cells release EVs of 50-100 nm in diameter carrying lipid-modified Hedgehog-related peptides. Seam cell EVs also contain the transmembrane protein CHE-14/Dispatched involved in Hedgehog secretion. Disrupting exosome secretion by depleting subunits of the V-ATPase (discussed below) results in MVB accumulation in the cytoplasm and traps hedgehog-related peptides intracellularly in MVBs. Depleting V-ATPase subunits also blocks the development of longitudinal ridges on the larval and adult cuticles called alae. This finding suggests that no alternative secretion pathway for hedgehog-related peptides exists in C. elegans larvae. Thus, EVs can provide a unique solution for the trafficking of lipid-modified or transmembrane proteins during development.
A second example of a role for EVs during development is in Drosophila larvae, where EVs are important for synaptic growth at the neuromuscular junction (NMJ) (Fig. 2E) . 28, 29 Neurons at the NMJ release EVs carrying the glycosylated and lipidated morphogen Wingless (Wg), orthologous to mouse Wnt proteins. Wg is sorted onto EVs containing the transmembrane protein Evi/Wntless. Evi is important for Wnt trafficking and is found on both ILVs and the plasma membrane of the pre-synaptic neuron. 28, 29 NMJ EVs are 30-400 nm in diameter, suggesting that Evi is required for Wg secretion onto both exosomes and microvesicles. Evi mutants fail to release Wg from the NMJ, resulting in defects in synaptic growth and differentiation. Thus, Wg trafficking through EVs is thought to be required for signaling at the synapse. The post-synaptic muscle cell takes up Evi-containing EVs, but it is not clear whether EVs need to be taken up by the muscle for Wg signaling to occur. It remains possible that Wg binds its receptor and initiates signaling while outside the cell on EVs. It is interesting to note that the same neurons release the same signaling molecules on both exosomes and microvesicles. Therefore, cells may use redundant pathways to secrete regulators important for development.
EV formation is also required for long-range Wg and Hedgehog (Hh) signaling in the developing wing in Drosophila (Fig. 2D) . [30] [31] [32] The wing imaginal disc is a single-layered epithelium in fly larvae that is the precursor to the adult wing. 33 The imaginal disc is polarized by morphogens to establish the cardinal axes of the wing. Hh in the posterior half of the imaginal disc is secreted and induces graded fates in the anterior cells of the disc. Similarly, Wg is secreted from the dorsal-ventral (DV) boundary of the imaginal disc and is required to pattern the DV axis as well as induce the outgrowth of the wing. Given that lipidation should limit the diffusion of Wg and Hh, it was challenging to explain how these morphogens were able to signal to distant cells in the epithelium. A first insight into long-range mechanisms of morphogen secretion came when Tom Kornberg's group showed that cells were connected over long distances by thin filopodia-like protrusions called cytonemes. 34 More recently, EVs have also been shown to be required for morphogen transport in Drosophila. [30] [31] [32] EVs even travel along cytonemes in vivo. 32 Similarly, filopodia in Xenopus embryos have been shown to act as superhighways for microvesicles in vivo, 35 suggesting that there may be a conserved link between cellular extensions and EVs. The budding or breaking of filopodia has also been proposed to be a source of EVs, but it is unknown whether Wg-and Hh-carrying EVs are released from cytonemes or filopodia in Drosophila. In the wing imaginal disc, EVs are likely to be derived from both the plasma membrane and ILVs. Hh is found both places and the imaginal disc EVs are 30-550 nm in diameter, indicating that the EVs are a mixture of exosomes and microvesicles. 31, 32 Inhibiting a number of different trafficking proteins required for EV release (discussed below) disrupts patterning of the wing, resulting in typical Hh or Wg mutant phenotypes. [30] [31] [32] Thus, EVs carry morphogens across many cells to regulate development.
In addition to EV release being important for development, studies in C. elegans have shown that overproducing EVs can also disrupt development. 15 During embryogenesis, cells divide, change their shapes, and migrate to attain their proper location in the body ( Fig. 2A) . We previously found that loss of the PE flippase TAT-5 (discussed below) disrupts C. elegans embryogenesis because of an overproduction of microvesicles. Both wild type and tat-5 mutant embryonic cells released EVs 90-400 nm in diameter by plasma membrane budding, but the microvesicles accumulated between cell contacts in tat-5 mutant embryos. The extra EVs disrupted the normally tight cellcell adhesion necessary for morphogenesis and gastrulation movements, resulting in embryonic lethality. Thus, EV release needs to be tightly regulated to produce the correct number of EVs at the appropriate time.
EVs and animal behavior
EVs also play a role in adult physiology, as shown by behavior-modifying EVs released from cilia. Cilia are conserved structures from algae to mammals that can function as sensory organelles. Cilia have been shown to release EVs in many organisms, including single-celled organisms like Chlamydomonas and multicellular organisms from C. elegans to mammals. 36 One example of a behavioral role for ciliary EVs is in Dictyostelium, where cilia release EVs containing a transmembrane protein important for sexual reproduction. 37 Similarly, C. elegans ciliated sensory neurons release EVs carrying transmembrane proteins that mediate male mating behavior (Fig. 2C) . 38, 39 The mechanism of ciliary EV release is unknown in C. elegans neurons, but their size is consistent with a mix of both exosomes and microvesicles (on average 50-150 nm diameter). The EVs accumulate outside the base of the cilia in a lumenal pocket and are released into the environment via an opening in the worm's cuticle. The released EVs contain polycystins known to be responsible for male mating behaviors. 40, 41 To demonstrate that the polycystins released into the environment via EVs could modify male behavior, Maureen Barr and colleagues took advantage of a mutant in the Kinesin-III protein KLP-6 that reduced EV release. 38 In klp-6 mutants, EVs accumulate in the lumenal pocket between the neuron and the sheath cell, with fewer EVs released into the environment. KLP-6 is not required for EV biogenesis, but the trafficking of some polycystins into EVs is disrupted in klp-6 mutants. Purified EVs from klp-6 mutant males failed to induce the tail-chasing behavior induced by wild-type EVs. This suggests that proteins presented by ciliary EVs are able to influence the behavior of other worms. It would be interesting to see whether the natural release of EVs would also be able to induce male mating behaviors.
EV release has also been shown to play a role in mating behavior in Drosophila, this time with male exosomes altering female behavior (Fig. 2F ). Large accessory gland cells in Drosophila males secrete »40 nm exosomes from giant MVBs into the gland lumen. 42 Exosomes are later secreted into the seminal fluid and associate with sperm or with female epithelial cells in the reproductive tract after mating. Reducing exosome secretion by 80% specifically in the male accessory gland resulted in altered behavior in females after mating, increasing remating by females three fold. This study dramatically demonstrates the signaling roles of exosomes in vivo. It also establishes a new system for visualizing exosome biogenesis in relatively large cells and is likely to contribute significantly to our understanding of the mechanisms of MVB formation and exosome release.
Proteins required for EV formation
In order to demonstrate the functional roles of EVs in vivo, it is necessary to understand how they are formed. Proteins are needed at various stages of EV release. First, membrane-sculpting proteins are required to induce membrane curvature either at the endosomal membrane for ILV budding or to curve the plasma membrane for microvesicle budding. After the formation of a curved membrane, proteins are needed for scission to pinch off the ILVs or microvesicles. Since these membrane curvature and scission events would have the same topology (budding away from the cytoplasm), they are likely to be carried out by the same proteins ( Fig. 1B-C) . Protein regulators that are more likely to be specific for exosome release include proteins required to traffic MVBs to the plasma membrane, to tether MVBs to the plasma membrane, and to fuse MVBs with the plasma membrane. However, membrane proteins also require vesicular trafficking to reach the plasma membrane, so trafficking factors may also have a role in microvesicle formation. Here, we summarize the function of known proteins in exosome and microvesicle formation, emphasizing where the same proteins are required for both exosome and microvesicle formation.
Endosomal sorting complex required for transport (ESCRT)
The best-studied factor in EV biogenesis is the Endosomal Sorting Complex Required for Transport (ESCRT), which is known for its role in forming ILVs in MVBs. ESCRT is one of the few membrane sculpting complexes known to bend membranes away from the cytoplasm. 43 The ESCRT machinery is subdivided into 4 subcomplexes, which function at subsequent stages in budding the endosomal membrane of MVBs to form ILVs. ESCRT-0 engages and clusters ubiquitinated cargo and recruits ESCRT-I and ESCRT-II to the bud site. ESCRT-I and ESCRT-II curve the membrane and recruit ESCRT-III. Finally, the ESCRT-III complex forms a coil that is thought to pull the bud neck together, leading to scission and release of the ILV into the MVB lumen (Fig. 1C) . The disassembly factor VPS4 is an ATPase responsible for the disassociation of ESCRT subcomplexes from the endosomal membrane. 44 ESCRT proteins are also found in released EVs, suggesting that at least some ESCRT proteins are trapped in the vesicle during scission. 5 Vincent Hyenne and colleagues recently used the formation of C. elegans alae on the adult cuticle in a candidate screen of over 1000 RNAi clones to identify proteins involved in exosome biogenesis. 45 They identified 10 ESCRT proteins important for alae formation, including an ESCRT-0 subunit (HGRS-1), ESCRT-I subunits (TSG-101, VPS-28, VPS-37), ESCRT-II subunits (VPS-22, VPS-25, VPS-36), ESCRT-III subunits (VPS-20, VPS-32), and VPS-4. These findings support the role of ESCRT in exosome biogenesis in C. elegans seam cells. In Drosophila, the ESCRT-0 subunit Hrs and accessory factor ALiX were found to be required for exosome secretion from male gland cells. 42 Hence, ESCRT plays a role in exosome biogenesis in worms and flies, as in mammalian cells. 5, 43, 46 In addition to playing a role in exosome biogenesis, the ESCRT machinery also acts at the plasma membrane to release microvesicles (Fig. 1B) . In C. elegans embryos, at least ESCRT-I (TSG-101) and ESCRT-III (VPS-32) proteins are recruited to the plasma membrane where microvesicles form. 15 Depleting proteins from the ESCRT-0 (HGRS-1, STAM-1) or ESCRT-I (TSG-101, VPS-28) subcomplexes significantly suppressed microvesicle release in embryos, demonstrating that ESCRT proteins are required for plasma membrane budding. Similarly, VPS4 and the ESCRT-I subunit TSG101 are required for microvesicle budding in cultured mammalian cells and TSG101 is trapped in released microvesicles purified from the supernatant. 47 In the Drosophila wing imaginal disc, knockdown of ESCRT-0 Hrs, ESCRT-I TSG101, ESCRT-II Vps22, ESCRT-III subunits (Chmp1, Vps24), Vps4, or Alx inhibits the release of microvesicles carrying Hh. 31, 48 Several ESCRT-I and ESCRT-III proteins were also found in purified imaginal disc microvesicles. 31 Viruses can also bud from the plasma membrane like microvesicles and also require the ESCRT machinery for budding. 43 Thus, the ESCRT pathway not only functions in ILV budding and thereby exosome formation, but also in plasma membrane budding to release microvesicles.
Although the ESCRT machinery plays a significant role in EV release, there is also evidence that both exosomes and microvesicles can be formed by ESCRTindependent mechanisms. For example, ciliary EVs in C. elegans do not require the non-essential ESCRT subunits for their release, 38 although it would be interesting to test whether essential ESCRT subunits are required using genetic tricks to knock ESCRT protein levels down specifically in neurons. In addition, the depletion of ESCRT proteins did not completely suppress exosome or microvesicle release in Drosophila gland cells or C. elegans embryos. 15, 42 In cultured Drosophila S2 cells, knocking down the ESCRT-0 subunit Hrs, ESCRT-I Vps28, Vps4, and accessory factor ALiX does not disrupt EV release, although several ESCRT proteins are found in purified EVs. 29, 49 Furthermore, not all released EVs contain ESCRT proteins in C. elegans embryos (AW, unpublished data). Viruses can also bud independently of VPS4, instead depending on a Rab11-binding protein. 50 Thus, depleting ESCRT proteins is likely to eliminate only a subset of EVs, incompletely defining EV functions.
Another caveat in using ESCRT depletion to define the in vivo roles of EVs is that ESCRT is required in many other processes from the nuclear membrane to the plasma membrane. For example, ESCRT plays an important role during cytokinesis, with ESCRT-III coils thought to bring the plasma membrane close together during abscission. 51 Interestingly, the intercellular bridge between dividing cells is cut on both sides at the end of cytokinesis to release the midbody remnant as an EV of 1¡2 mm in size. 52 In addition, microvesicles are also released from intercellular bridges during cell division, 53 suggesting that membrane sculpting to thin out a structure may be another function of microvesicles. These observations demonstrate that cytokinetic bridges are another source of EVs, which are likely to be released by distinct mechanisms in comparison to EVs from nondividing cells. In summary, ESCRT plays a role in many membrane-remodeling processes. Consequently, inferring a role for EVs based solely on disrupting ESCRT proteins can be problematic.
Rab family GTPases
Small Rab family GTPases are also required for exosome and microvesicle formation. 5 Rab GTPases are universal vesicle trafficking regulators, acting at every step of membrane trafficking. 54 There are over 60 Rab GTPases in humans, each associated with specific lipid-containing organelles from the ER to the plasma membrane. In C. elegans, 8 different Rab proteins have been associated with exosome secretion based on the alae screen. 45 However, whether all 8 Rabs are required for exosome biogenesis remains to be tested. For 5 of these Rabs (RAB-2, RAB-7, RAB-11, RAB-27, and RAB-35), there is evidence from other systems that they have a role in EV biogenesis. For example, Golgi/ER-associated Rab2 has also been shown to have a role in EV release in cultured mammalian cells, 55 but has not been closely studied. Rab27 is a Rab GTPase that regulates the fusion of lysosome-related organelles like melanosomes with the plasma membrane.
56 Rab27 localizes to late endosomes and lysosome-related organelles, including MVBs. 54 MVB fusion and exosome release are decreased after Rab27A/B knockdown in mammalian cells. 55 Hence, Rab27 knockdown is frequently used to test the role of exosomes in mammalian studies. The identification of RAB-27 in the C. elegans alae screen suggests that it will also have a role in exosome formation. 45 In contrast, knocking down Rab27 only mildly disrupted CD63:GFPpositive exosome release from male gland cells in Drosophila. 42 Knocking down Rab27 also did not disrupt EV release in cultured Drosophila S2 cells. 29 Rab27 has recently been shown to regulate the trafficking of lipid regulators like PI4KIIa to the plasma membrane via endosome fusion. 57 Rab27 is thereby required for viruses to assemble on the plasma membrane at phosphoinositide-rich microdomains. These data could indicate a role for Rab27 in microvesicle budding, but to date Rab27 is only thought to regulate exosome release.
Rab7 is involved in trafficking between early endosomes and lysosomes and is associated with late endosomes and MVBs like Rab27. 58 Rab7 has a number of binding partners, which are important for vesicle transport by motor proteins, tethering to lysosomes, and regulating phosphoinositide lipids (discussed below) in the endosome membrane. Given the localization of Rab7 to MVBs, it could be expected that Rab7 would be required for exosome biogenesis. In Drosophila, knocking down Rab7 or expressing a dominant-negative version of Rab7 in secretory gland cells disrupts exosome release.
42 Rab7 is also required for the secretion of microRNAs in EVs from cultured mammalian cells. 59 Thus, Rab7 plays a conserved role in exosome biogenesis in C. elegans, Drosophila, and mammals. However, the specific role of Rab7 and which Rab7 effectors are required for exosome biogenesis remain to be determined.
Rab11 is best known for its role in trafficking membrane cargo to and from recycling endosomes on the way to the plasma membrane. 60, 61 In cultured human cells, Rab11 was shown to be required for MVB tethering, docking, or fusion with the plasma membrane, thus regulating exosome release. 62, 63 In C. elegans and Drosophila, RAB-11 is required for microvesicle budding as well as exosome release. In Drosophila, Rab11 is required for EV release from wing imaginal discs and neurons as well as S2 cells in culture. 29, 32, 49 Expressing a dominantnegative version of Rab11 disrupts exosome release from male gland cells. 42 In C. elegans, depletion of RAB-11 disrupted alae formation in adults and dramatically reduced microvesicle release in embryos. 15, 45 Furthermore, RAB-11 is secreted in microvesicles. 15 Viruses can also bud from the plasma membrane using a Rab11-binding protein. 50 RAB-11 is required for the trafficking of many proteins as well as lipids to the plasma membrane, making it difficult to assign a role to EVs based on the pleiotropic nature of RAB-11 knockdown. In addition, whether RAB-11 regulates microvesicle formation by recycling lipids or proteins to the plasma membrane or whether it has a more direct role in budding is unclear. It will also be interesting to test whether RAB-11 acts at the level of MVB transport, tethering, or fusion in C. elegans alae and Drosophila secretory glands.
Rab35 is involved in a parallel recycling pathway to Rab11 and also helps traffic endosomes to the plasma membrane. 64 Expressing dominant-negative Rab35 or knocking down Rab35 levels results in decreased exosome release in cultured mammalian cells, due to failed fusion of MVBs with the plasma membrane. 65 This suggests Rab35 would have a role in MVB tethering, docking, or fusion. Similarly, in Drosophila, Rab35 RNAi disrupted exosome release from male gland cells. 42 However, expressing a dominant-negative version of Rab35 in neurons or knocking down Rab35 in cultured S2 cells did not disrupt EV release. 29, 49 Thus, there is good evidence for Rab35 regulating exosome release, but no evidence yet for a role in microvesicle budding. As with the other Rabs, the precise role of Rab35 and identity of Rab35 effectors important for exosome release remains to be determined.
SNAP receptors (SNAREs)
In addition to Rab GTPases regulating vesicle tethering and fusion, SNARE proteins are well known regulators of vesicle docking and fusion. 66 Specific SNAREs are found on endosomes and the plasma membrane that undergo heterotypic binding to dock the vesicle and allow fusion (Fig. 1D) . SNAREs have also been implicated in EV release. For example, VAMP7 is a v-SNARE found on the MVB, which is required for MVB fusion with the plasma membrane to release exosomes from cultured human cells. 67 In C. elegans adults, the t-SNARE SYX-5 was identified in the alae screen as an exosome regulator. 45 In yeast and mammals, syntaxin 5 is better known for mediating vesicle fusion in ER-Golgi trafficking, 68 but in C. elegans, SYX-5 also localizes to apical microdomains on the seam cell plasma membrane. SYX-5 is required for the fusion of MVBs with the plasma membrane to release exosomes. 45 However, whether VAMP-7 or another v-SNARE on the MVB membrane pairs with SYX-5 is unknown in C. elegans. Different MVB subpopulations may also use distinct SNARE combinations for fusion with the plasma membrane. In summary, similar to other vesicle fusion events, MVBs also use SNARE-mediated fusion to release exosomes.
There is also speculative evidence that SNAREs play a role in microvesicle release as well. In Drosophila wing discs and cultured human cells, the v-SNARE Ykt6 localizes on endosomes and plays a role in the secretion of Hh and Wg/Wnt on EVs. 30, 32 Hh-carrying EVs have also been shown to be microvesicle sized, 31 so SNARE fusion may also be required for the delivery of lipids or proteins to the plasma membrane that are required for microvesicle budding. Drosophila syntaxin 1A is a plasma membrane t-SNARE known for its role in synaptic vesicle fusion. 69 Syx1A is also required for the release of EVs from neurons and cultured S2 cells. 29 Since Drosophila NMJ neurons also release both microvesicles and exosomes, 28, 29 it is possible that Syx1A has a role in microvesicle release. However, whether Syx1A and Ykt6 are important for microvesicle biogenesis is unclear. Another interesting untested possibility is that Syx1A and Ykt6 form heterocomplexes to fuse MVBs with the plasma membrane. Syx1A could also interact with VAMP7 or syntaxin 5 could interact with Ykt6 to release exosomes. Thus, the precise roles of SNARE proteins in EV biogenesis require further investigation.
V-ATPase
The original protein discovered to be important for exosome release during alae formation in C. elegans is VHA-5, 27 part of the V0 complex of the vacuolar H C -ATPase (V-ATPase). The V-ATPase is an ATP-dependent proton pump conserved in all eukaryotes, consisting of the transmembrane V0-complex and cytoplasmic V1 complex. 70 In knockdowns for three V0 subunits (vha-1, vha-4, vha-5), larval alae are not formed. 27 Similarly, treating Drosophila imaginal discs ex vivo with bafilomycin, a V-ATPase inhibitor, dramatically reduced Wg secretion in EVs. 30 In contrast, subunits of the cytoplasmic V1 complex are not required for alae formation in C. elegans larvae, 27 although knocking down one V1 subunit mildly disrupted Wg-dependent wing development in Drosophila. 30 The V0 and V1 complexes can dissociate from each other, but a complete VATPase containing both V0 and V1 is required for proton pumping, suggesting that the acidifying function of the V-ATPase is not required for exosome secretion. Consistent with this, the C-terminus of the V0 subunit VHA-5 is required for exosome release, while the N-terminus is required for proton pumping and interaction with the V1 complex. 27 MVBs cannot fuse with the plasma membrane in VHA-5 depleted worms, resulting in an accumulation of MVBs and reduced exosome release. There is accumulating evidence implicating the V0 complex in endosome tethering or fusion, 71 but its exact role in MVB fusion is unclear. Intriguingly, the V0-ATPase has been shown to bind to SNAREs in Drosophila, 72 including Syx1A, which is required for EV release from neurons. 29 Thus, it will be interesting to test whether SYX-1 or SYX-5 interact with the V0-ATPase in C. elegans seam cells to release exosomes.
RAL-1 and the exocyst
In a candidate screen for trafficking proteins involved in exosome formation, Hyenne et al. used the formation of C. elegans alae to identify 4 genes of the exocyst complex and the small GTPase RAL-1. 45 RAL-1 and the exocyst complex are conserved regulators of vesicle tethering and fusion, with RAL-1 typically acting upstream of the exocyst complex. 73, 74 RAL-1 localizes to MVBs in mammalian cell culture and in C. elegans in vivo. 45 Loss of RAL-1 results in fewer MVBs and fewer ILVs, presumably because proteins required for ILV budding are not recruited to the endosome membrane. MVBs are still able to tether to the plasma membrane when RAL-1 is depleted, but MVB fusion to release exosomes is hampered. This observation suggests that MVB fusion factors are also not recruited when RAL-1 is depleted. 45 These data demonstrate that RAL-1 acts at multiple steps of exosome biogenesis, specifically ILV formation and MVB fusion (Fig. 1C-D) . Thus, studies using the formation of alae in the model organism C. elegans helped to identify new regulators of exosome biogenesis and can be a valuable tool for further studies.
In contrast to RAL-1, the role of the exocyst complex (SEC-3, SEC-5, SEC-8, SEC-10, SEC-15, EXOC-7, EXOC-8) in alae formation still needs to be elucidated. Unlike RAL-1, the exocyst is unlikely to play a role in MVB biogenesis, because the number of ILVs and MVBs was normal in exocyst deletion mutants. In contrast, sec-8 depletion resulted in a higher accumulation of MVBs, 45 suggesting the exocyst could have a role in MVB secretion. However, it is unclear why sec-8 knockdown showed increased MVB number while the sec-8 knockout had a normal number of MVBs. Given that both sec-8 RNAi and sec-8 deletion result in alae defects, the role of the exocyst is likely to be independent of MVB formation. Tethering of MVBs also appeared normal in exocyst deletion mutants and there was no evidence for MVB fusion or tethering defects in sec-8 RNAi. In summary, whether the exocyst affects exosome secretion or has another role in alae formation independent of exosomes remains to be determined.
Other proteins of interest
Two signaling pathways are also implicated in EV release that do not belong to known membrane-sculpting or trafficking pathways, including the MAP kinase PMK-1 and the morphogen Bmp. Stress-activated p38 mitogenactivated MAPK (PMK-1) was shown to be required for EV release from the cilia base to the sheath cell lumen. 75 Fewer EVs are also released to the environment in pmk-1 mutants. PMK-1 was found to act independently of the innate immune MAPK cascade, making PMK-1 a novel regulator for EV biogenesis that acts through an unknown pathway. The morphogen Bmp is also implicated in EV release through 2 members of its signaling pathway. Overexpression of the Bmp antagonist Dad in Drosophila accessory glands blocks Bmp signaling and inhibits exosome release. 42 Overexpressing Dad or the Bmp receptor Thickveins also disrupts MVB content or morphology, respectively. These data implicate the canonical Bmp signaling pathway in MVB biology. Further studies will be required to define how Bmp signaling proteins control exosome release.
Lipids and EV formation
The formation of membrane-wrapped vesicles requires membrane curvature either at the plasma membrane for microvesicle formation, or on the endosomal limiting membranes of MVBs for ILV formation. While many proteins are known to regulate membrane curvature, the lipid composition of the membrane also alters membrane curvature. 76, 77 MVB fusion with the plasma membrane also requires the regulation of lipids to fuse membranes and release ILVs as exosomes. 78 Distinct lipids have different shapes as well as different protein binding partners. Phospholipids like phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphoinositides (PI) are restricted to the cytoplasmic leaflet of the plasma membrane. Phospholipids like phosphatidylcholine (PC), sphingomyelin (SM), and glycolipids are sequestered to the extracellular face of the plasma membrane, while cholesterol is symmetrically distributed. 79 Microvesicles have altered lipid asymmetry, where PS and PE are often externalized and found on the outer surface of microvesicles (Fig. 1B) . 80, 81 This observation suggested a role for lipid asymmetry in microvesicle release. Some exosomes also externalize PS, 82, 83 so it is possible lipid asymmetry is also regulated on the MVB during ILV formation.
Lipid asymmetry is first established in the ER and Golgi, but is also regulated directly in the plasma membrane. 84 Translocating the hydrophilic head of lipids across the hydrophobic core of membrane bilayers is energetically unfavorable and requires the assistance of proteins. Three broad classes of proteins act as lipid translocators to regulate lipid asymmetry: flippases, floppases, and scramblases. 85 Flippases translocate phospholipids from the extracellular face of the plasma membrane to the cytoplasmic face. A single family of transmembrane proteins has been identified as phospholipid flippases, the P4-ATPases. 86 Floppases perform the backward translocation of phospholipids from the cytoplasmic face to the lumenal or extracellular face of a bilayer. 87 Scramblases translocate phospholipids in both directions, destroying membrane asymmetry. 85 Several families of transmembrane proteins have been proposed to be the scramblase responsible for externalizing phospholipids, including ABC transporters, SCRM proteins, and the Anoctamin TMEM16F. Provocatively, Scott syndrome patients have problems with platelet coagulation, PS & PE externalization, and EV release due to mutations in TMEM16F. 88, 89 However, whether TMEM16F is a Ca 2C transporter required for scramblase activity or the scramblase itself is still under debate. Regardless, the observation that Scott patients have defects in both lipid asymmetry and EV release support the idea that phospholipid asymmetry could have a role in EV release. Here we discuss the role of distinct lipid classes in EV formation, especially focusing on phospholipids.
Phosphatidylserine (PS)
The anionic phospholipid PS has a cylindrical shape and is found in all eukaryotic membranes. 77, 90 PS exposure is used as a marker for processes like apoptosis and platelet activation for coagulation. 91, 92 PS externalization also plays a role in fertilization, thus disruption of PS asymmetry is associated with both signaling and membrane fusion. 93 Flipping PS to the cytoplasmic bilayer induces negative microdomains that can be recognized by trafficking proteins with positively-charged domains. 94 In C. elegans, the P4-ATPase responsible for flipping PS in the plasma membrane and endolysosomal membranes is TAT-1, the human homolog of ATP8A1/2.
95,96 TAT-1 is required for endocytosis and endolysosomal trafficking. TAT-1 mutants display severe MVB accumulation, suggesting they could have defects in MVB fusion. However, alae formation, which requires exosome release from MVBs, occurs normally in tat-1 mutants. 96 Thus, MVB biogenesis and MVB fusion for exosome secretion are not likely to be affected in tat-1 mutants, suggesting a role for TAT-1 instead in lysosome biogenesis. Furthermore, tat-1 mutants have no increase in microvesicle release, 15 suggesting that PS exposure does not induce microvesicle budding. However, PS exposure is an important signal for phagocytosis or membrane fusion, 93, 97 suggesting that PS exposure on EVs could be important for EV uptake or EV signaling, rather than EV formation.
Phosphatidylethanolamine (PE)
Although less studied than PS, the abundant phospholipid PE is also externalized on EVs. 81 PE microdomains are thought to physically bend membranes because of their small headgroup and conical shape (Fig. 1) . 77 PE is exposed on the plasma membrane during cytokinesis and must be flipped back to the cytoplasmic leaflet for the plasma membrane to fuse during abscission. 98 Given PE's shape, PE microdomains in the extracellular leaflet would cause budding away from the cytoplasm (Fig. 1B) , while PE microdomains in the cytoplasmic leaflet would drive budding toward the cytoplasm. 99 In addition to a direct role for externalized PE in driving membrane curvature, there are two hypotheses how PE externalization at the microvesicle bud neck could be sensed by proteins. First, PE microdomains at the extracellular leaflet would result in steric pressure that causes negative membrane curvature. 77 Negative membrane curvature is necessary for ESCRT-III assembly at the bud neck. 100 Indeed, the ESCRT-III subunit VPS-32 is recruited to the plasma membrane and required for microvesicle release in C. elegans embryos. 15 Second, the movement of uncharged PE would result in a higher relative density of anionic lipids like PS and PI, resulting in more negatively charged microdomains at the cytoplasmic face of the plasma membrane. Mammalian Hrs, an ESCRT-0 component, binds anionic lipids like PI3P via its FYVE domain. 44 Consistently, Drosophila Hrs and C. elegans HGRS-1 are required for microvesicle release.
15,32 PE microdomains have also been linked to viral budding. 101 Thus, PE is associated with membrane budding and scission events and is likely to play a role in EV release.
Strong evidence for a role for PE in EV release comes from studies in C. elegans on the P4-ATPase TAT-5, 15 the homolog of ATP9A/B in mammals. TAT-5 flips PE from the extracellular face of the plasma membrane to the cytoplasmic face of the plasma membrane in order to maintain PE asymmetry. Loss of TAT-5 leads to PE exposure, 15 probably because its activity is required to counteract an as yet unidentified PE scramblase or floppase. Loss of TAT-5 flippase activity results in a dramatic increase in microvesicle budding, shown by electron tomography. In fact, so many microvesicles are released that EVs become visible by light microscopy using fluorescent plasma membrane reporters. How cells regulate the quantity of microvesicle release is unclear, because no regulators of TAT-5 activity are yet reported. Thus, TAT-5 provides good evidence that PE plays a role in microvesicle budding.
A role for PE in exosome formation is unclear. In C. elegans, TAT-5 localizes to an array of endosomes and tat-5 mutant embryos have enlarged LMP-1-positive lysosomes. However, MVBs appear normal in tat-5 mutant embryos and the MVBs do not have an increased number of ILVs. 15 There are 6 P4-ATPases in C. elegans, so another could maintain PE asymmetry in the endosomal membrane of MVBs. Also, the EVs observed in wild-type embryos or tat-5 mutants were larger than 90 nm in diameter, suggesting that significant amounts of exosome release may not occur in early C. elegans embryos. Therefore, the examination of another tissue such as seam cells may be necessary to find a role for PE in exosome release. Knocking down the Drosophila homolog of TAT-5 in wing discs results in a decrease in Hh-carrying EVs and reduced Hh signaling. 32 However, it is not clear whether this is due to a loss in exosome or microvesicle release since the authors observed Hh in vesicles between 30-200 nm in diameter in wild-type wing discs. Thus, ultrastructural characterization of the Drosophila mutant is required to resolve this discrepancy with the C. elegans mutant. It is also unclear whether TAT-5 plays a role in intracellular vesicle trafficking. 15 It is tempting to speculate that flipping PE to the cytoplasmic bilayer would curve membranes toward the cytoplasm and thereby drive endocytosis or tubulation on endosomes. However, given the absence of known PE-binding domains, analyzing the in vivo role of PE in intracellular trafficking remains a challenge.
Phosphatidylinositol (PI)
Phosphoinositides (PI) are a minor lipid species with major roles in intracellular signaling and vesicular trafficking. 102 Phosphatidylinositol can be phosphorylated on three different positions, leading to an array of different binding partners. 103 Specific kinases and phosphatases alter the phosphorylation of PI species and thereby help mature endosomes. 104 The localization of different PI species specifies the identity of organelles, helping to recruit the right proteins to the right organelle at the right time. PI species play important roles in both exosome and microvesicle formation, regulating the recruitment of membrane-sculpting, tethering, and fusion proteins.
In order to form EVs, proteins such as the ESCRT complex depend on PI species to localize to the correct membrane (Fig. 1B) . Phosphatidylinositol-3-phosphate (PI3P) localizes on the limiting membrane of the MVB and recruits proteins that promote ILV budding. The FYVE domain of Hrs recognizes PI3P and recruits ESCRT-0 and ESCRT-I to endosomal membranes for ILV formation. 105 As discussed before, ESCRT-0 and ESCRT-I proteins are also required for microvesicle budding in C. elegans.
15 Which PI species recruits ESCRT proteins to the plasma membrane in C. elegans is unclear, but in mammalian cells Nabhan et al. showed that the arrestin domain-containing protein ARRDC1 is required to recruit TSG101 (ESCRT-I) to the plasma membrane for microvesicle release. 47 How the arrestin domain recruits ARRDC1 to the plasma membrane is also unclear, but arrestins have been shown to bind plasma membrane-localized PIs like PIP 3 . 106 Thus, it is likely that PI species recruit ESCRT proteins to both endosomes and the plasma membrane. Interestingly, PIP 3 also recruits Syx1A to the synapse in the Drosophila NMJ, 107 but whether PI species recruit other proteins that lead to EV formation remains to be tested.
To date, there are no reports of PI externalization on EVs or the plasma membrane, 108 but several observations from yeast could suggest a role for PI asymmetry in EV formation. The yeast homolog of the PE flippase TAT-5, called Neo1p, was originally identified due to neomycin sensitivity. 109 Neomycin is an aminoglycoside antibiotic that can bind PI(4,5)P 2 .
110 Yeast neo1 mutants are also sensitive to the PE-binding lantibiotic duramycin, 111 demonstrating that PE is externalized in neo1 mutants. The increased neomycin sensitivity of yeast neo1 mutants could therefore suggest that PI(4,5)P 2 is externalized in neo1 mutants. This would imply that Neo1p (as well as its homologs in other species) could also flip PI species. By electron microscopy, temperature-sensitive neo1 mutants accumulate unusual elongated tubules on endosomes in addition to increased MVBs. 112 The increased MVB phenotype is reminiscent of the increased microvesicle phenotype of tat-5 mutants in C. elegans. 15 Since Neo1p localizes to endosomes and TAT-5 to the plasma membrane, 15, 112 both flippases could flip PI and PE to prevent their respective membranes from budding away from the cytoplasm. In support of this idea, decreased PI levels suppress the abnormal vesicle phenotypes in yeast flippase mutants, including neo1 mutants. 113 Thus, Neo1p could flip PE and PI to the cytofacial layer on endosomal membranes that later fuse with the plasma membrane to establish PE and PI asymmetry there. Therefore, it is important to determine whether PI externalization actually occurs and whether PI externalization is required for EV formation.
Other lipids
Not only phospholipids have been implicated in EV biogenesis pathways. 5, 46, 114 For example, the sphingolipid ceramide can induce membrane invagination on MVBs and is required for ILV budding independent of the ESCRT complex. Thus, the enzyme neutral sphingomyelinase nSMase that hydrolyzes sphingomyelin into ceramide is required for ILV formation. 115 Knocking down aSMase in Drosophila wing discs decreased EV release and Hh signaling in vivo, 32 suggesting that ceramide plays a role in exosome or microvesicle budding. In contrast, in cultured Drosophila S2 cells, knockdown of nSMase did not disrupt EV biogenesis. 29 Together, these data suggest that different cells may also use ceramide-dependent pathways to release exosomes and microvesicles.
Conclusion
From studies in genetic model organism, we have gained our first insights into the in vivo functions of EVs. In Drosophila and C. elegans, EVs carry lipidated morphogens important for the patterning of tissues ranging from epithelia to neurons (Fig. 2B, D-E) . In both worms and flies, adult males release EVs important for inducing mating-specific behaviors in other males or females (Fig. 2C, F) . Thus, EVs have conserved roles during development as well as in adult behavior. In addition to their role in signaling, EVs have other notable functions. For example, microvesicles are thought to sculpt membrane during development, such as removing extra membrane from the intercellular bridge during cytokinesis. 53 EVs can also serve as a membrane repair mechanism. ESCRT-dependent membrane budding seals holes in the plasma membrane by releasing EVs after injury. 116 Interestingly, in C. elegans embryos with reduced TAT-5 levels, microvesicles first appear after fertilization. 15 Fertilization is a time of massive endocytosis and exocytosis, 117 potentially damaging the plasma membrane and thereby inducing microvesicle budding. EVs can also be a way to deal with toxic compounds. For example, bacteria release outer membrane vesicles containing misfolded or overexpressed proteins. 3 Heat-shock proteins are also commonly found in animal EVs, including Drosophila imaginal disc microvesicles. 31 Additionally, polar bodies are large EVs released by oocytes that contain extra copies of maternal DNA that would be toxic to the developing embryo. 118 Thus, understanding EV biology is likely to impact not only signal transduction cascades, but also a broad range of physiological functions.
Studies on the functions of purified EVs are likely complicated by the diversity of EVs produced by cells. Most purification strategies focus on EVs smaller than 100 nm in diameter. However, in vivo studies in C. elegans and Drosophila have attributed functions to EVs from 30-500 nm in diameter. Studies on Drosophila morphogens have also shown that the same cells release the same signaling molecules on both exosomes and microvesicles. 28, 29, 31, 32 These data suggest that focusing on exosome-sized vesicles may not reveal the diverse roles of EVs in vivo. In addition, some cells predominantly release microvesicle-sized vesicles, like C. elegans early embryos. Thus, it is important to characterize a cell type's native EV complement before designing appropriate EV purification methods to analyze the protein, lipid, or nucleic acid content of EVs.
The studies described here give us exciting glimpses into the signaling roles of EVs, but our limited understanding of the mechanisms of EV release restricts our studies of EV function. Work in C. elegans, Drosophila, and mammalian cells has identified a number of interesting starting points for determining the conserved mechanisms of EV release, but the field is still in its early days. For example, the role of small GTPases (Rab and Ral) provide entry points to define the effector proteins specific for MVB transport, docking, tethering, and fusion. Notably however, many of the proteins originally identified for their role in exosome biogenesis are also required for microvesicle budding. This finding suggests that cells are likely to regulate both secretion pathways simultaneously. In many cases, a role for a protein in microvesicle budding has not been tested, so it is unclear which mechanisms are actually specific for exosome biogenesis. Similarly, the role of lipids in exosome biogenesis is insufficiently studied. To date, studies have used candidate screens based on known membrane sculpting proteins or vesicle trafficking regulators to identify proteins regulating EV release. However, the proteins that will allow us to cleanly dissect EV functions are proteins that do not act in other endosomal trafficking pathways.
In the future, model organisms are likely to contribute significantly to identifying more proteins involved in EV release. The establishment of genetic models for EV release allows unbiased genetic screens to identify novel genes in the future. This is especially promising in tissues where one type of EV release is predominant, like exosomes in C. elegans seam cells and Drosophila secretory glands or like microvesicles in C. elegans early embryos. Studies on the functional roles of EVs have also revealed that proteins involved in morphogen secretion as well as ciliary proteins are interesting candidates for playing a role in EV release. Consequently, identifying new regulators involved in EV release will help us determine their functions and new functions will help us identify new regulators. These studies in genetic model organisms will also identify new EV biomarkers for use in studies from the laboratory to the clinic.
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